A systematic kinetic study of crystallization among two smectogens of higher homologues of the benzylidene aniline series nO.m, viz. 4O.12 and 8O.12, has been carried out by thermal microscopy, differential scanning calorimetry (DSC), and dielectric studies. The crystallization kinetics was studied by two techniques, viz. the traditional thermal analysis, i. e. DSC, and electrical studies, i. e. capacitance and dielectric loss variation measurements with temperature. The DSC thermograms were run from the crystallization temperature to the isotropic melting temperature for different time intervals. The liquid crystalline behaviour together with the rate of crystallization of smectic ordering in newly synthesized nO.m compounds were discussed in relation to the kinetophase (which occurs prior to crystallization). The molecular mechanism and dimensionality of crystal growth were computed using the Avrami equation. The characteristic crystallization time (t * ) at each crystallization temperature was deduced from the individual plots of logt and ∆H. Further, it was observed that the data obtained from DSC and dielectric studies were in good agreement.
Introduction
Liquid crystals exhibit anisotropy like solids as well as fluidity like isotropic liquids and made up of rodlike molecules. These can be obtained by joining two or more phenyl rings or cyclohexyl rings attached with flexible aliphatic end chains to a relatively rigid bridging group and as a function of the temperature [1] . The study of crystallization kinetics [2, 3] is a powerful tool to understand the various mechanisms involved in the crystallization of liquid crystals.
Liquid crystalline materials belonging to the class of benzylidene aniline exhibit a fascinating mesomorphic behaviour associated with distinct molecular ordering; the convenient thermal working range makes them suitable for systematic kinetic investigations. In continuation of our experimental studies [4, 5] on nO.m and ferroelectric liquid crystals here we present a detailed analysis of two smectogens of higher homo-0932-0784 / 09 / 0500-0354 $ 06.00 c 2009 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com logues of the benzylidene aniline series nO.m, viz. 4O.12 and 8O.12.
Experimental
The nO.m compounds of the present investigation were synthesized and characterized as reported earlier [6] . Their crystallization kinetics, determined by the rate of growth of a particular transition, were performed on a Shimadzu DSC-60 differential scanning calorimeter and an Agilent 4192A LF impedance analyzer. The thermo grams at each crystallization temperature, together with simultaneous phase identification [7] were obtained using an Instec Standalone Temperature Controller (STC 200) supplemented by a Nikon polarizing microscope. The heating and cooling measurements were performed on each member of pure nO.m compounds (3 -7 mg sample) using aluminum and/or glass crucibles. A typical differential scanning calorimetry (DSC) scan for a given sample at each crystallization temperature was as follows. The sample was heated to its isotropic melting temperature with a scan rate of 10 • C min −1 ; after holding for 1 min to attain thermal equilibrium, the sample was cooled at the same scan rate to its predetermined crystallization temperature. After holding for a requisite time interval at the crystallization temperature, the endothermic peaks were recorded while the sample was cooled to the crystal state also with a scan rate of 10 • C min −1 . This process was repeated for each individual member of the nO.m series at the appropriate preselected crystallization temperatures.
For the elicitation of the dielectric data, the nO.m sample under investigation was filled in a polyamide buffed cell (Instec Inc.) in its isotropic state with suction. Silver paste and wires were used to connect the electrodes to the cell. The cell was placed in an Instec hot and cold stage (HCS402) equipped with an Instec Standalone Temperature Controller (STC 200). The temperature was monitored and controlled to an accuracy of ±0.01 • C using a computer. The sample was heated to its isotropic melting temperature with a scan rate of 10
• C min −1 ; after holding for 1 min to attain thermal equilibrium, the sample was cooled at the same scan rate to its predetermined crystallization temperature. After holding for a requisite time interval at the crystallization temperature, the data of capacitance and dielectric loss was determined for each time interval. This process was repeated for each individual member of the nO.m series at the appropriate preselected crystallization temperatures.
Synthesis of the Compounds
The compounds were prepared [6, 7] by condensation of the respective alkoxybenzaldehyde (0.1 mol) and alkyl aniline (0.1 mol) under reflux in absolute ethanol in the presence of a few drops of glacial acetic acid. After refluxing the reactants for 4 h, the solvent was removed by distillation under reduced pressure. The crude sample was subjected to repeated crystallization from cold absolute ethanol, till the transition temperatures were found to be reproducible.
The homologous series of the N-(p-n-alkoxybenzylidene)-p-alkylanilines (Schiff's bases) is given by the general molecular formula , where n and m represent the number of carbon atoms in the alkoxy and alkyl end chains, respectively. The anilines used for the synthesis of the above compounds are obtained from Sigma Aldrich Chemicals while the alkoxybenzaldehydes were prepared in our laboratory.
Synthesis of p-n-Butyl/Octyloxybenzaldehyde
To a cyclohexanone solution containing p-hydroxybenzaldehyde (1.83 g, 15 mmol) and n-butyl bromide (2.7 ml, 20 mmol), 5.15 g n-octyl bromide (3.8 ml, 20 mmol) and 5.15 g (37.5 mmol) anhydrous potassium carbonate were slowly added with constant stirring. The reaction mixture was then heated under reflux for 3 h until the evolution of CO 2 ceased. After cooling to room temperature, the reaction mixture was filtered off to remove excess K 2 CO 3 and KBr formed during the reaction. The precipitate was washed repeatedly with diethyl ether. Excess ether and cyclohexanone were removed under reduced pressure, and a colourless oil (75% yield) was obtained. The oil was further purified by passing through a silica gel column eluted with a mixture of benzene and acetone in the volume ratio 1 : 4.
Result and Discussion

Phase Identification
The observed phase variants, transition temperatures and corresponding enthalpies obtained by thermal microscopy (TM), dielectric studies and DSC are presented in Table 1 . The compounds of the present nO.m series are found to exhibit characteristic textures [8] , viz. a focal-conic fan texture in the smectic A (SmA) phase, the appearance of transient transition bars across focal-conic fans in the smectic B (SmB) phase. The nematic (N) phase is identified by the figure print texture of nematic droplets ( Fig. 1 ). Further the phase transition temperatures observed by thermal microscopy are found to be in good agreement with those obtained by DSC and dielectric studies.
Selection of the Thermal Range of Crystallization Temperatures
The procedure for selecting the crystallization temperatures (CT) is described for 4O.12 as a representative member of the present work. The DSC thermo 
Crystallization Kinetics Determination by DSC
The crystallization kinetics of 4O.12 related to the phase transition from the smectic B phase to the melt is selectively performed at each predetermined crystallization temperature, viz. The enthalpies of individual transitions at different time intervals are calculated at each crystallization temperature, and the corresponding data are plotted against the corresponding logarithm of time intervals for each member of the n.Om series. Figure 3 shows plots for the crystallization of 4O.12 at 45 • C and 46 • C. These plots have an identical shape, apart from the shift in the logt axis suggesting limitations of the rate of crystallization kinetics [9] .
Plots of the heats of melting of the mesomorphic phase, viz. the logarithm of the annealing time for different crystallization temperatures of 4O.12, obtained by shifting data along the logt axis to the 44 • C curve are depicted in Figure 4 . Such master curves strongly suggest that the same mechanism is valid for crystallization of both the smectic A and smectic B phases. As expected [9] , the overall nucleation rate depends on the formation of the liquid crystalline phase, but the growth rate is independent of the formation of the liquid crystalline phase.
Similar experimental studies are carried out for the measurement of crystallization kinetics of the other compound (8O.12). The corresponding data of crystallization time t * along with the calculated crystal growth parameters for different crystallization temperatures are summarized in Table 2 , which includes all results relevant to the following sections.
Dielectric Studies
Dielectric studies enable to identify the phase transition temperatures and the thermal range of individual phases. This study is a sophisticated tool to detect the second-order transitions which can not be identified by DSC studies.
To calculate the lead capacitance the liquid crystal cell is calibrated with a known substance (benzene). Further, the empty liquid crystal cell is also calibrated in the range temperature of 25
•
C to 150
• C and in the range frequency of 100 Hz to 1 MHz, respectively. The compounds 4O.12 and 8O.12, in their isotropic state, are filled in 4-micron spacer polyamide buffed cells with suction, the silver leads are pulled of to excite the cell with a frequency of 10 kHz, obtained from an Agilent low-frequency impedance analyzer (4192A). The liquid crystal cell with the compounds is heated to its isotropic state and held for 10 min to attain thermal equilibrium. Then it is cooled until crystallazation at a programmed scan rate of 0.1 • C/min with an accuracy of ±0.01 • C. The liquid crystal cell is placed in an Instec hot stage and is observed under crossed polars of a Nikon polarizing microscope. Simultaneous obser- vation of the liquid crystal texture through the polarizing microscope along with the dielectric data confirms the formation and identification of the various smectic phases.
Compound 4O.12 is chosen as a representative member of the present work and the plot of its capacitance versus temperature at 10 kHz is depicted in Figure 5 . The variation of the capacitance with the temperature of the empty cell is also shown in Fig. 5 as a solid line. The corresponding dielectric loss is illustrated in Figure 6 . The transition temperatures obtained by DSC, polarizing microscopic studies and dielectric studies are compared in Table 1 . The following points are noted from the dielectric studies: a) At isotropic to nematic transition, a sudden variation in both the profiles at 66.5 • C and 66.6 • C is observed, indicating the formation of the nematic phase. This transition occurs at 66.1 • C according to polarizing microscopic textural observations, which concur with the dielectric studies.
b) The unaltered variation of the magnitudes of the capacitance and dielectric loss with lowering the temperature in the thermal range 66.5
• C to 53.7
• C is attributed to the stabilization of the smectic A phase.
c) An anomaly in the capacitance and dielectric loss spectrum in the form of a peak at 52.6
• C is attributed to the transition from the smectic A phase to the smectic B phase.
d) The crystallization at 33.6
• C is evidenced by a sudden fall in the magnitudes of capacitance and dielectric loss data as can been seen in Figs. 5 and 6 , respectively.
It is prudent to mention that in the present homologous series the experimental results of 4O.12 follow the same trend of 8O.12 dielectric studies, as expected. These results are tabulated in Table 1 . Furthermore, the transition temperatures obtained by various techniques, namely dielectric studies, polarizing microscopic textural observations and differential scanning calorimetric thermograms, are concurring with each other as can be seen from Table 1 .
Crystallization Kinetics Determination by Dielectric Studies
It was earlier proposed by us [5] that the crystallization kinetics can also be studied and analyzed at a selected frequency using dielectric data. The crystallization kinetics of 8O.12 relating to the phase transition from the smectic B phase to the melt is selectively performed at each predetermined crystallization temperature, viz. 57 • C, 58 • C, 59 • C, 60 • C, and 62 • C at an excitation frequency of 1 kHz. The sample is held at 57 • C for different time intervals (0.1 to 10 min). The dielectric data (capacitance and dielectric loss) at 1 kHz excitation frequency with a crystallization time of t = 0 to 10 min are recorded immediately following the quenching of the crystal to melt, at the crystallization temperature 57 • C. The capacitance and dielectric loss values for individual transitions at different time intervals are noted at each crystallization temperature, and the corresponding data are plotted against the corresponding logarithm of time intervals for each member of the n.Om series. Crystallization of 4O.12 obtained by this technique at 45 • C and 46 • C is identical to that of DSC data curves suggesting the existence of the same mechanism in the rate of crystallization kinetics [4] .
The Process of Crystallization
In general, the kinetics of crystallization involving the rate of growth of small domains in a smectic phase is manifested equally by its temperature and time. Temperature dependence of nucleation, taking place as a homogenous process over a constant period of time, leads to the phenomenon of sporadic growth. In addition, defects and impurities in the compound have a pronounce influence on the nucleation process [9] . Further contributions from solid state transformations, where growth occurs only at the surface of the nuclei, hamper the overall rate of phase transformation and the dimensional geometry of the rowing domains.
It is well known that the crystallization process involving the fraction of the transformed volume x, at a time t measured since the beginning of the crystallization process, is described by the Avrami equation [2, 3] 
where the constants b and n depend on the nucleation mechanism and the dimensionality of the growing domains, respectively. The transformed volume x at a crystallization time t is given by ∆H/∆H o , where ∆H is the crystal heat of melt measured at the time t and ∆H o is the maximum value obtained from the plateau of the individual master curves (Fig. 4) . The similar argument holds good for the dielectric data ∆ε /∆ε o and ∆ε /∆ε o , where ∆ε and ∆ε are the values of capacitance and dielectric loss at the time t and ∆ε and ∆ε o are the maximum values obtained from the plateau of the individual master curves. If the kinetics of crystallization from the corresponding smectic phases are described by (1) , the data for all the crystallization temperatures can be applied in the single equation [9] 
where t * = b −1/n . Further, the characteristic time t * can be experimentally determined since, at t = t * , x = 0.632. Substituting the values of t * and x in (1), the constants b and n are obtained at a specific crystallization temperature. It is found from the experimental data that the constant n, which manifests the dimensionality of the growing domains, is almost unaltered while the magnitude of the constant b, which governs the nucleation mechanism, varies in the order of 10 −1 for the compounds studied. The data of the constants n and b experimentally obtained by DSC and dielectric studies (capacitance and dielectric loss) for various specific crystallization temperatures of 4O.12 and 8O.12 are tabulated in Table 2 . For a specific crystallization temperature, the values of constants n and b are found to be unaltered in both thermal and electrical studies implying that the same type of nucleation mechanism is taking place in both the nO.m compounds. The trend of the magnitude of the two constants n and b is found to be in agreement with the data reported for discotic [9] and smectic [4] mesophases. The variation of the magnitude of n in both the nO.m compounds is attributed to the sporadic nucleation and growth in two dimensions.
Influence of the Orthogonal Smectic B Phase Variant on Crystallization Kinetics
The phase sequence in liquid crystals has a pronounced influence on their crystallization kinetics. The kineto phase, which occurs prior to crystallization, is solely responsible for many combinational factors of the crystallization mechanism.
In the present study of 4O.12 and 8O.12 compounds the kineto phase prior to crystallization is the smectic B phase. Our previous studies [4] on different nO.m compounds exhibiting various kineto phases concur with data of the present investigations. Further in the smectic B phase, as expected, the rate of crystallization is rapid as it is close to the crystalline phase. It is a known fact that crystallization kinetics are fast for crystallization temperatures (CT) near to the crystalline phase, and slow when the CT is near the isotropic melt.
Influence of Alkyloxy Carbon Atoms
Both the 4O.12 and 8O.12 compounds have the same kinetic phase, viz. smectic B. The data from Table 1 suggest that the liquid-crystalline phase transition temperature is 34 • C and 29 • C for 4O.12 and 8O.12, respectively. Further the kinetoc phase (smectic B) thermal stability range is decreased from 30 • C to 20 • C in both compounds with increasing alkyoxy carbon atom number, however, as expected, the isotropic clearing point shifts to higher temperature with increase in the carbon atom chain length. It is evident that the degree of variation of the dimensionality parameter n infers a unique crystallization mechanism for these compounds. A possible explanation for the crystallization dimensionality is a sporadic nucleation and growth involving a homogenous process of continuous nucleation over a constant time [9] . Furthermore the volume transformation calculated at individual a time t * is in accordance with (2) which strongly implies the completion of the crystallization process.
Conclusions
1. In orthogonal ordering (smectic B phase) the formation of an ordered domain occurs which converts to a stable nucleus that initiates the aggregation of the surrounding molecules to form layered domains. The origin of this nucleus is critical since its formation proceeds until it reaches a sufficient size to initiate the crystallization process.
2. We propose that this process of crystallization is controlled by either lamellar or inter-layer distances in a non-tilted (smectic B phase) kineto phase. In such a process of seed nucleation, factors relating to the smectic layer play an important role. A particular molecule in the lower smectic layer first acquires the requisite energy to allow the formation of ordered domains, which in turn propagate crystallization to the adjacent smectic layers. These ordered domains will further proceed through the smectic layers by a process of successive addition of molecules from neighbouring layers leading to sporadic nucleation and growth in two dimensions. This process continues until the crystallization is completed.
